This paper reports the results from three targeted searches of Milagro TeV sky maps: two extragalactic point source lists and one pulsar source list. The first extragalactic candidate list consists of 709 candidates selected from the Fermi-LAT 2FGL catalog. The second extragalactic candidate list contains 31 candidates selected from the TeVCat source catalog that have been detected by imaging atmospheric Cherenkov telescopes (IACTs). In both extragalactic candidate lists Mkn 421 was the only source detected by Milagro. This paper presents the Milagro TeV flux for Mkn 421 and flux limits for the brighter Fermi-LAT extragalactic sources and for all TeVCat candidates. The pulsar list extends a previously published Milagro targeted search for Galactic sources. With the 32 new gamma-ray pulsars identified in 2FGL, the number of pulsars that are studied by both Fermi-LAT and Milagro is increased to 52. In this sample, we find that the probability of Milagro detecting a TeV emission coincident with a pulsar increases with the GeV flux observed by the Fermi-LAT in the energy range from 0.1 GeV to 100 GeV.
Introduction
The Milagro gamma-ray observatory was a water Cherenkov detector located near Los Alamos, New Mexico, USA at latitude 35.9
• north, longitude 106.7
• west and altitude 2630 m [4] . Milagro recorded data from [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] and was sensitive to extensive air showers initiated by gamma-rays with energies from a few hundred GeV to ∼100 TeV. Unlike atmospheric Cherenkov telescopes, Milagro had a wide field of view and it was able to monitor the sky with a high duty cycle(> 90%).
The Milagro collaboration has performed blind source searches and found a number of TeV sources ( [13] and [1] We refer to this as Milagro Galactic Plane Surveys). Blind searches for excess events over the full sky have a high probability of picking up random fluctuations. Therefore, after trials correction, a full sky blind search is less sensitive than searches using a smaller predefined list of candidates. The Fermi Large Area Telescope (Fermi-LAT) collaboration published such a list known as the Bright Source List or 0FGL list [2] . In a previous publication, Milagro reported a search using 0FGL sources identified as Galactic sources [3] , which we will refer to as the Milagro 0FGL paper.
We report here two Milagro targeted searches for extragalactic sources. The first extragalactic candidate list is compiled from the extragalactic sources in the 2FGL catalog [23] . The analysis presented in this paper looks for the TeV counterparts of these sources. The second extragalactic candidate list is made from the TeVCat catalog [25] of extragalactic sources. While TeVCat detections may include transient states of variable extragalactic sources, this search looks for long-term time averages by integrating over the full Milagro data set. However, it is not appropriate to use the second extragalactic candidate list to perform a population study as it has candidates detected from several instruments with different sensitivities.
Our previous Milagro 0FGL publication found that the Fermi-LAT bright sources that were measured at or above 3 standard deviations in significance (3σ) by Milagro were dominated by pulsars and/or their associated pulsar wind nebulae (PWN). Therefore, in this paper we extend the previous Galactic search by making a candidate list from the pulsars in the 2FGL source list, and search for TeV emission from the sky locations of gamma-ray pulsars detected by the Fermi-LAT. The angular resolution of Milagro (0.35
• < δθ < 1.2 • ) is not sufficient to distinguish the PWN from the pulsar.
Methodology

Construction Of Candidate Lists
The first candidate list, which will be referred to as the 2FGL Extragalactic List, is derived from the 2FGL catalog by looking for sources off the Galactic plane (|b| > 10
• ) that have no association with pulsars. There are 709 Fermi-LAT sources within Milagro's sky coverage (−7
• <DEC< 80 • ), of which 72% are associated with blazars. Among these blazars 4 are firmly identified as BL Lac 1 blazars and 12 are firmly identified as FSRQ 2 type of blazars. The second extragalactic candidate list, which we will call the TeVCat Extragalactic List, is taken from TeVCat, an online gamma-ray source catalog (http://tevcat.uchicago.edu). As of February 8th, 2012 it contained 135 sources, of which 31 were located off the Galactic plane and within Milagro's sky coverage. These 31 sources were all detected with Cherenkov telescopes and 23 are identified as BL Lac objects.
There are 52 sources in the 2FGL catalog associated with pulsars which are in the Milagro's sky coverage. Twenty of these pulsars were already considered as candidates in the Milagro 0FGL publication. So the third candidate list, which will be called the Pulsar List, consists of only the 32 new pulsars. Of these, 17 were identified as pulsars by pulsations seen in Fermi-LAT data and the remaining 15 sources were labeled as pulsars in 2FGL because of their spatial association with known pulsars.
Spectral Optimizations
In order to optimize the sensitivity to photon sources, Milagro sky maps are constructed by plotting the location for each event with a weight based on the relative probability of it being due to a primary photon or hadron [4] . The weight calculation depends on the assumed photon spectrum and can be suboptimal (but not incorrect) if the weight optimization hypothesis is considerably different from the actual source spectrum. The weights are therefore optimized separately for two hypotheses.
For the extragalactic candidate lists, a power law with spectral index α= -2.0 with a 5 TeV exponential cut-off (E −2.0 e − E 5TeV ) was assumed. This choice reflects the fact that when TeV gamma-rays travel cosmological distances they are attenuated due to interactions with photons from the extragalactic background light [16] with the result that the energy spectrum of extragalactic sources cut off at high energies. This spectral assumption is also similar to the power law spectral index and the cut-off energy measured for Mkn 421 and Mkn 501 by [20] . However, the choice of 5 TeV cut off might reduce the sensitivity of Milagro to the AGNs with lower cut off energies. For the Pulsar List, a power law with spectral index α = −2.6 with no TeV cut-off is used, as was done for the previous Milagro 0FGL and Galactic Plane Survey papers.
Source Detection Technique
The expected significance at a sky location with no true emission is a Gaussian random variable with mean 0 and unit standard deviation [13] . A common treatment of N candidate searches is to use a trials correction technique. Here one choose a significance threshold, calculate the tail probability (p-value) λ, and adjusts the p-value threshold to λ N . The purpose of the trials correction is to maintain, at the value λ, the probability of a background fluctuation producing one or more false discoveries among the N searches.
The False Discovery Rate (FDR) technique discussed in [22] offers some advantages over the trials correction technique. Instead of controlling the expected probability of having even one false detection, FDR controls the expected fraction of false discoveries among a set of detections; that is, it controls the contamination fraction of the lists of associations, rather than the probability of a random individual association being accepted 3 . The key input parameter is again a probability λ, but now λ represents the expected fractional contamination of any announced set of detections. Based on this input parameter, the method dynamically adjusts the detection threshold but in a way that depends on the properties of the entire list of search significances (converted into p-values). This dynamic adjustment is sensitive to whether the distribution of p-values is flat (as would be expected if there were no detectable sources) or skewed to small p-values (i.e. large significances). This adjustment lowers the significance threshold for detection if a list is a "target-rich environment" in such a way that the expected fraction of false discoveries among the announced detections remains at the fraction λ. In particular, the most significant candidate is required to have a p-value of λ/N just as in the trials-correction method, but the n-th most significant candidate need only have a p-value less than λ × n/N . As a result, this technique has a higher efficiency for finding real detections, while producing the same results as a trials-correction method in target-poor environments where the only decision is whether to report zero or one detections. The method adjusts for both the length of the search list and the distribution of the significances found within the search lists. However, we note that as a result, a given candidate location might pass the FDR criteria on one search list, but fail in another. We also emphasize that λ controls the expected contamination, i.e. averaged over potential lists of associations, not the contamination fraction on a specific list 4 . The reader is referred to [22] for further details of the method 5 . In the [3] paper for the Galactic-oriented search with N = 35, a criterion of 3σ was used but it was also found that an FDR criterion of λ = 0.01 produced the same list of associations. Specifying λ rather than a σ threshold also allows using a single criterion for treating each of the search lists. The analyses presented in this paper uses λ = 0.01 for defining a TeV association for all our search lists, but significance thresholds are also tabulated in Table 4 for λ = 0.1, 0.05, and 0.001 so that readers can choose the potential contamination level of candidate lists. Specific candidates passing looser cuts are also denoted as footnotes to the search list tables.
Stacking Methodology
The FDR technique can be used to search for individual candidates with a TeV association. A stacking analysis can be used to search for evidence of collective TeV emission among the undetected candidates by studying their mean flux. This paper uses the stacking methodology of Section 3 in [21] . The significance of the stacked flux is given by Equation 1 below.
where I is the weighted average flux as defined in Equation 2 below and ∨ I is its variance, defined in Equation 3 .
Here I i is the flux of each candidate and σ i is the standard deviation of flux of each candidate.
Flux Calculation
The flux calculation involves a convolution of the Milagro effective area as a function of energy using an assumed energy spectrum, so the flux has some dependence on the assumed energy spectrum. This dependence is greatly reduced when the flux is calculated at the median energy of the detected gamma-ray events at the declination of a source [3] . Therefore, we report the flux at approximately the median energy. Using a similar argument to that in the Milagro 0FGL paper, the flux is derived at 35 TeV for the Pulsar List. For the extragalactic spectral assumption the median energy varies between 6 and 11 TeV, and we choose 7 TeV to report the flux for extragalactic source candidates.
In this paper, we report the flux for the candidates with TeV associations that are identified by the FDR procedure. For the remaining candidates we report flux upper limit. In all cases, the flux and significance calculations are performed assuming that the target is a point-like source. The fluxes are calculated from the excess number of photons above background integrating over a Gaussian point spread function 6 for a point source at the sky position given by the catalog used to compile the list. This approach is similar to that described in the Milagro Galactic Plane Survey papers. The upper limits on the flux are determined using the method described in [19] and are based on an upper limit on the number of excess photons with a 95% confidence limit. The flux upper limit corresponding to a zero excess is called the expected flux limit. The declination dependence of the expected flux limits shown in Figures 1 and 2 are based on Milagro maps made with the spectral optimizations dN/dE ∝ E −2.6 and dN/dE ∝ E −2.0 e − E 5T eV , respectively. The searches presented in this paper did not examine the whole sky. Another publication is in progress to produce all-sky flux limits from Milagro. 
Results
In the 2FGL Extragalactic List only 2FGL J1104.4+3812 (also known as Mkn 421) is classified as a source by the FDR procedure with our standard λ = 0.01 cut. Figure 3 shows the region in the Milagro sky map around Mkn 421. From the 2FGL Extragalactic candidate list the fluxes or the 95% confidence level flux upper limits for the brightest 20% of the 2FGL candidates in the 3 GeV to 10 GeV energy band is given in Table 1 . From the TeVCat Extragalactic List only Mkn 421 is classified as a source by the FDR procedure with our standard λ = 0.01. The results with our standard FDR cut of λ = 0.01 are summarized in Table 2 .
Results from the source search in the Pulsar List are summarized in Table 3 . In this list, the FDR procedure with λ = 0.01 classified 3 GeV pulsars (2FGL J2238.4+5902, 2FGL J2030.0+3640 and 2FGL J1928.8+1740c) as having coincident TeV emission. Figure 4 shows the regions of the Milagro sky maps around those candidates. The brighter area near 2FGL J2238.4+5902 (Figure 4 (a)) corresponds to 0FGL J2229.0+6114, and it is also associated with the bright TeV source MGRO J2228+61 [18] . The Milagro flux at the location of 0FGL J2229.0+6114 was published in the Milagro 0FGL paper. Similarly 2FGL J2030.0+3640 (Figure 4(b) ) is located near a brighter area which belongs to 0FGL J2020.8+3649. The Milagro flux at this 0FGL source location was also published in the Milagro 0FGL paper. Follow-up observations by TeV instruments with better angular resolution could clarify the TeV emission structure in both of these regions; some initial studies of this region have been already done [ [5] , [14] ]. 2FGL J2030.0+3640 also has a spatial association with the Milagro candidate named as C3 in [1] . Milagro candidate C3 is measured at RA = 307.75 0 and DEC = 36.52 0 with extent diameter of 2.8 0 [1] . To assess how likely it would be to observe TeV emission coincident with 2FGL sources associated with pulsars if they arose from statistical fluctuations in the Milagro data, we calculate the probability that a set of 32 random points in the Milagro Galactic plane (|l| < 10 0 ) would have 3 or more FDR associations. For a simulated background-only sky (consisting of a standard normal significance distribution) the probability of finding 3 or more associations is 1 × 10 −6 . Thus finding 3 associations would be a 4.3 σ fluctuation for random points on a background-only sky. As expected, the λ = 0.01 FDR cut yields no associations 99% of the time with random locations on a random sky (with no real sources). However, the probability of finding 3 or more associations from random lists of 32 locations within the actual Milagro Galactic plane |l| < 10 0 (which contains TeV sources) is 0.01. This is much higher than for a background-only sky, so 6 The width of the Gaussian point spread function is a function of the estimated energy of each event and varies between 0.3 • and 0. that reporting 3 associations in the Milagro Galactic plane data would be a 2.3 σ fluctuation if we were starting from a randomly located candidate list (rather than seeking associations with the 2FGL pulsar list).
By varying λ the reader can construct alternative target lists with different contamination fractions, to assess how clearly candidates have passed a given association criterion. Table 4 summarizes the FDR significance thresholds for each of the lists we have searched using λ = 0.1, 0.05, 0.01 and 0.001. The table also gives the significance thresholds which would have resulted from the trials correction technique. The comparison between the FDR and the trials corrections thresholds allows assessment of how much the FDR procedure has lowered the significance threshold in response to evidence of associations.
So far our results have focused on individual candidates with a TeV association. We also searched for evidence of collective TeV emission on the candidates that fail the λ = 0.01 FDR cut by using the stacking method described in section 2.4 . We stacked 2FGL Extragalactic candidates in two different ways: first all FDR False 2FGL Extragalactic sources and then the FDR False sources among the brightest 20% in the indicate significant collective gamma-ray emission from the rejected candidates.
Discussion
Mkn 421 is the only source that is classified as a TeV source in both extragalactic lists. Milagro also observed a signal excess at the sky locations of Mkn 501, TXS 1720+102 and 1ES 0502+675 . Their significances are 2.93, 2.84 and 2.53 respectively, which is insufficient to pass our standard FDR cut of λ = 0.01. Among these three candidates Mkn 501 and 1ES 0502+675 have been already reported as TeV sources in TevCat. However TXS 1720+102 has not yet been identified as a source with TeV emission. This is a radio quasar type blazar identified at a redshift of 0.732 [10] . The lowest FDR cut that TXS 1720+102 passes is λ = 0.32. With this loose FDR cut, three candidates become TeV associations: Mkn 421, Mkn 501 and TXS 1720+102. However, the expected contamination of the resulting candidates list is 32% so it is likely that TXS 1720+102 is a background fluctuation. While it is hard to advocate a dedicated IACT observation of TXS 1720+102, better observations will be performed by the High Altitude Water Cherenkov (HAWC) survey instrument [6] , which is already started to operate at a sensitivity better than Milagro.
In this paper we presented the TeV flux/flux limit measurements at 32 sky locations of 2FGL sources marked as pulsars. At the time we wrote this paper, none of these 2FGL pulsars were reported as detections in the TeVCat or in the H.E.S.S. source catalog. However, TeV flux upper limits of some these sources have been measured by IACTs. For an example, the flux upper limit of PSR J1928+1746 was measured by the VERITAS observatory [7] , which is associated with the 2FGL J1928.8+1740c. VERITAS observed a +1.2σ significance at this pulsar position and 99% confidence flux upper limit of 2.6 × 10 −13 cm −2 s • [7] ). Therefore, the Milagro flux may include some additional diffuse emission or emission from unresolved point sources that is not contained within the VERITAS point spread function. We also compared our flux/flux limit measurements with the H.E.S.S. Galactic Plane Survey [17] , and found that our measurements are consistent with the H.E.S.S. measurements.
The Milagro 0FGL paper reported the Milagro flux/flux limit at the locations of 16 bright Fermi-LAT sources from the 0FGL catalog that were associated with pulsars. Among these 16 pulsars, 9 passed the standard FDR cut of λ = 0.01. 0FGL J2055.5+2540, 0FGL J2214.8+3002 and 0FGL J2302.9+443 were categorized as sources with unknown source type and 0FGL J1954.4+2838 was identified as a source with a spatial association with a known supernova remnant. In the 2FGL catalog these four sources have been identified as pulsars and only 0FGL J1954.4+2838 passed our standard FDR cut. Therefore all together 52 pulsars detected by Fermi-LAT have been observed by Milagro and 13 pulsars were identified with TeV associations. We use this sample to study the correlation between GeV and TeV flux. Figure 5 shows the TeV flux measured by Milagro vs the GeV flux measured by Fermi-LAT for these 52 pulsars. Data points marked with red triangles are Milagro upper limits measured at the sky locations of the candidates that failed the λ = 0.01 FDR cut. Blue data points represents the Milagro flux at the sky locations of the candidates that passed the λ = 0.01 FDR cut. The Milagro flux/flux limits used in this plot were derived assuming the targets are point sources. However, some of these objects are extended sources, for which the point source flux would underestimate the total flux. Geminga is a specific example, as seen in the Milagro 0FGL paper. In Figure 5 Geminga is circled in red.
We can also study how the fraction of pulsars with a TeV counterpart changes as a function of the GeV flux. We define F T as the fraction of pulsars that passed our standard FDR cut in a given bin of GeV flux.
Number of FDR true candidates in a given flux bin Total number of candidates in a given flux bin
As shown in Figure 6 F T clearly increases with the Fermi-LAT flux. Both the F T plot and the flux correlation plot strongly prefer a dependence on the GeV flux. Therefore we have evidence that pulsars brighter in the GeV energy range are more likely to have a detectable TeV counterpart than pulsars fainter in the GeV energy range. Further analysis of the GeV-TeV correlation is in progress and will be published in a follow-up paper.
Conclusions
We present a targeted search for extragalactic sources in the Milagro data using a list of bright 2FGL extragalactic sources and TeV sources from the TeVCat catalog as targets. Using the FDR procedure with λ = 0.01, we find that Mkn 421 is the only extragalactic TeV source detected by Milagro. There is no evidence of collective TeV emission seen from the remaining extragalactic candidates.
The analysis performed in the Milagro 0FGL paper has been extended by searching for TeV emission at the locations of 32 additional Fermi-LAT detected pulsars. TeV emission has been found associated with three of them: 2FGL J2238.4+5902, 2FGL J2030.0+3640 and 2FGL J1928.8+1740c. The first two of these are near bright VHE sources previously reported as being associated with energetic pulsars in the 0FGL catalog. They might benefit from a higher spatial resolution TeV follow-up to study the emission structure from the two nearby source regions. The pulsar candidates that failed the λ = 0.01 FDR cuts were studied in a stacking analysis but did not show any collective TeV emission. Finally, we presented evidence that pulsars brighter in the GeV energy range are more likely to have a detectable TeV counterpart. 
